Abstract Spatial and temporal variability in nitrous oxide and methane emissions were quantified in three seasons using closed chambers in three riparian zone locations of three branches of the Pearl River, Guangzhou, China. The sampling sites were selected in a rapidly developing urban area of Guangzhou and represented a pollution gradient. The results show that urban riparian landscapes can be large source areas for CH 4 h −1 , respectively. River water quality, sediment texture, and NH 4 -N and NO 3 -N concentrations correlated with N 2 O and CH 4 emission rates. The riparian zones of the more seriously polluted tributaries showed higher greenhouse gas fluxes than that of the less polluted main stem of the Pearl River. Rain events increased emissions of CH 4 by 6.5∼21.3 times and N 2 O by 2.2∼5.7 times. The lower concentrations of heavy metals increased the activity of denitrifying enzymes while inhibited the methane producing pathways. This work demonstrates that rapidly developing urban areas are an important source of greenhouse gas emissions, which is conditioned by various environmental factors.
Introduction
Atmospheric methane (CH 4 ) and nitrous oxide (N 2 O) concentrations exceed pre-industrial levels by 150 and 20 %, respectively, and continue to increase rapidly (IPCC 2013) . Due to the high global warming potential of CH 4 (28-34) and N 2 O (298), these gases contribute disproportionately to radiative forcing compared to their concentrations. Many studies have been conducted in a variety of terrestrial and aquatic environments (e.g., mangroves, ponds, peatlands, rivers, wetlands, sewage treatment facilities, rice paddies, dry land agricultural fields, etc.) to evaluate gas emission fluxes and factors regulating CH 4 and N 2 O fluxes. These studies indicate that anthropogenic emissions of N 2 O represent around 30-45 % of the present-day global emissions and over 60 % of CH 4 emissions (Chen et al. 2010a, b; Stadmark and Leonardson 2007; Stow et al. 2005) . Quantification of greenhouse gas (GHG) emissions from different natural landforms has become a priority research topic in China in efforts to generate emission inventories and develop strategies to reduce greenhouse gas emissions (Garg et al. 2012) .
There is great interest in quantifying greenhouse gas fluxes from riparian zones in estuarine areas as they may represent landscape hotspots for reduced greenhouse gas emissions. Mangrove sediments can act as sources of the greenhouse trace gases, nitrous oxide (N 2 O) and methane (CH 4 ) (Allen et al. 2011) . Lu (1999) studied methane fluxes from sediments in different zones of a Bruguiera sexangula mangrove wetland during one whole year period, at Changning River estuary, northeast of Hainan Island, China. The results show that there is great seasonality for methane (CH 4 ) production, and different horizontal and vertical patterns occur in different seasons and different zones. Xiang (2009) found distinct space-time variation in N 2 O emissions among high, middle, and low tidal flats with different vegetation in Chongming Dongtan (Yangtze River Delta). Phragmite saustralis increased the N 2 O flux while Scirpus mariqueter decreased the N 2 O flux. Marinho (Marinho et al. 2004 ) used diffusion chambers to quantify N 2 O fluxes from an alluvial soil in the lower Mississippi River Valley and found that rainfall was an important factor regulating N 2 O flux. Beaulieu (Beaulieu et al. 2010 ) measured N 2 O emissions from the water surface and production in sediments and the water column of the Ohio River (nitrogen-enriched river) and found maximum N 2 O emissions in the major urban center and strong seasonal variation with higher rates in summer and lower rates in winter. Berryman et al. (2009) studied on restoration of wetland hydrology of the Rice Lake Wetland near the city of Detroit Lakes, Minnesota. The results show that raising the water level in soil cores result in decreased nitrous oxide (N 2 O) emissions, increased methane (CH4) emissions, and an overall increase in total global warming potential (GWP).
The Pearl River Delta (PRD) is one of the most developed areas in China accounting for about 10 % of the gross domestic product (GDP) and 4 % of the Chinese population (Huang et al. 2012) . Rapid urbanization has resulted in various impacts on the environment, including environmental contamination and ecological damage (Guneralp and Seto 2008; Jiang et al. 2004 ). Contaminants such as heavy metals (e.g., Cd, Pb, Cu), polycyclic aromatic hydrocarbons (PAHs), nitrogen, and low dissolved oxygen contribute to environmental pollution (Duzgoren-Aydin 2007; Zhang et al. 2012) . Surface water quality of the Pearl River has been rapidly deteriorating for the past 15 years. Water quality data from 1984 to 2000 at 9 locations along the Pearl River near Guangzhou indicated that industrial effluents and domestic sewage were the principal sources of pollutants (Dong and Mei 2008) . There is a strong positive correlation between the rate of urbanization and the increase of pollution levels in urban rivers of the PRD (Ouyang et al. 2006) .
As the interface between terrestrial and aquatic ecosystems, the riparian zone is an important landscape component that is affected by pollution from both terrestrial and aquatic sources. Riparian zones provide several valuable ecosystem services, such as filtering polluted surface and subsurface flows, providing biota with habitat, protecting river banks from erosion, improving the microclimate in rivers and adjacent fields, and providing hydrologic connectivity across the landscape (Mander et al. 2005) . Greater attention has been focused on riparian zones due to their importance, especially in the urban environment (Balestrini et al. 2011; Borin et al. 2004; Bradley et al. 2011 ). Groffman suggested that urban area hydrologic factors could increase the abundance and reduce the consumption of NO 3 in urban area riparian zones, due to a decline in the sink strength for NO 3 through denitrification and biotic uptake (Groffman et al. 2002) . Riparian zones are a potential hot spot for greenhouse gas emissions because they possess many of the conditions (e.g., anoxic, high organic matter) required for producing reduced greenhouse gases (Freeman et al. 1997) . Using constructed riparian ecosystems to improve river water quality and reduce non-point source pollution is now an important strategy utilized in several cities of the PRD. Previous research suggests that appropriately designed constructed wetlands in riparian zones could emit less methane than natural wetlands, while providing a significant nutrient sink (Fink and Mitsch 2007; Mitsch et al. 2008; Sha et al. 2011) . Among design criteria, many sediment parameters have been found to influence greenhouse gas production, such as temperature, waterfilled pore space, redox potential (E h ), organic matter quantity and quality, and microbial activity (O'Connor and Hondzo 2008) . However, little is currently known about the action of heavy metals on greenhouse gas production in sediments.
This study used closed chambers to measure CH 4 and N 2 O fluxes from three riparian zone positions (0, 5, and 10 m from river-land boundary) of three branches of the Pearl River as it flows through the Guangzhou urban area. This segment of the Pearl River has the highest urbanization level in the PRD and a large amount of waste water discharges directly to the Pearl River. Nitrous oxide and methane emission fluxes were measured during three seasons (spring, summer, and winter), and associated sediment/soil parameters were measured at the same time. The primary objectives of this study were (i) to quantify CH 4 and N 2 O emission fluxes from three riparian ecosystems having different pollution levels; (ii) to examine seasonal differences in CH 4 and N 2 O emission fluxes; (iii) to determine the role of heavy metal contaminants in riparian zone soil/sediment and river waters on CH 4 and N 2 O emission fluxes; and (iv) to provide reference levels of CH 4 and N 2 O emission fluxes in the PRD for developing GHG reduction strategies. Results of this study will provide important design information for developing riparian zone constructed wetlands to enhance water quality in urban areas.
Materials and methods

Sites description
Soil, water and gas samples were collected from the riparian zone of three urban waterways that were branches of the Pearl River which flows through Guangzhou, China (Dong and Mei 2008) . Guangzhou has a subtropical climate characterized by hot, humid summers and dry, cool winters. Mean annual temperature is 21.9°C, relative humidity (RH) is 72-80 %, and mean annual rainfall is 1697 mm (Tao et al. 2011) . The summer and winter seasons dominate the year while the transitional seasons, spring and autumn, are particularly short.
Following an intensive field investigation, sampling sites were selected along two tributaries and the main stem of the Pearl River flowing through the Guangzhou urban area. All sites experienced small tidal fluctuations. The sites will be referred to as Chebei River (CR), Tai River (TR), and Pearl River main stem at Guangzhou Higher Education Mega Center (PRM). At each sampling site, a transect consisting of three locations across the riparian zone were established perpendicular to the river (Fig. 1) . Chebei River is located in the Tianhe district, the downtown area of Guangzhou. At the CR sampling site, the river bed was covered with black sediment having a sulfide smell, and the waterfront consisted of a wetland with an artificial green belt beginning about 5 m from the river edge. Most parts of the river bank in the vicinity of the sampling area consisted of residential or business land use. The Tai River is located in the Haizhu district, a rapidly developing area of Guangzhou. At the TR site, the riverbed was covered with black sediment having a sulfide smell. The waterfront was covered by hydrophytes with grassland and orchards adjacent to the riparian zone. The main stem Pearl River at the Guangzhou Higher Education Mega Center is located in Panyu district, which is a newly developed area in Guangzhou. The riverbed was covered by sandy sediment which was submerged at high tides. A large area of semiartificial vegetation (grasses and trees) was distributed along the PRM river bank.
The Chebei River was the most seriously polluted among the three river branches followed by the Tai River and Pearl River main stem. NH 4 -N, total N, and total P at CR were significantly higher than the other two rivers (Table 1) . Nitrogen was a major pollutant in the river which was primarily in the form of NH 4 and contributed to low dissolved oxygen concentrations. NH 4 -N and TN concentrations of most water samples exceeded the water quality standard of 2.0 mg l −1 based on China's national surface water quality standard, level V(GB3838-2002), only suitable for irrigation and landscape. The highest multiple of surpassed factors NH 4 -N and TN reached 10 times above the standard limit.
Experimental design
Seasonal sampling campaigns were undertaken on May 19 (spring), July 27 (summer) and December 11, 2011 (winter) and had average daily temperatures of 25, 30 and 11°C, respectively. All sample collection was conducted between 7 to 10 am during low tide (Allen et al. 2007) . A rainy day collection was made on August 9, 2011 to examine the effects of rainfall on emission fluxes and had an average daily temperature of 28°C and 8 mm of rainfall. The rainy day emission fluxes were conducted at the TR site (intermediate pollution level) from 7 to 10 a.m., and data were compared to the July 27, 2011 (non-rainy day) data from the same site.
At each site, three locations across the riparian zone were established perpendicular to the rivers. Location ① was set at the river water boundary and represented the interface between the riparian buffer and the river water, which stood for lowland; this location was submerged at mean water level. Location ② was set about 5 m away from the river water boundary and represented the transitional area between the river water and dry upland, which stood for midland; this location was submerged only at high water levels. Location ③ was set about 10 m away from the river water boundary and represented the dry upland area, which stood for upland soils; this location did not experience river water inundation.
Measurements of sediment parameters
Soil/sediment samples (0∼20 cm) were taken adjacent to the closed chambers at each location every sampling time. A mixed 1 kg sediment sample was sealed in a plastic bag, transported to the laboratory on ice, and then kept refrigerated (≤4°C) through completion of analyses. Field moist samples were used to determine the water, lipid-P, KCl-extractable CH 4 and N 2 O, and particle-size content. The water and lipid-P measurements were made immediately upon return to the laboratory. A subsample was air dried and gently ground to pass a 2-mm sieve for TN and TP analyses. A separate air-dried subsample was ground using an agate mortar to pass a 0.149-mm sieve for total organic carbon (TOC) and heavy metal analyses. All parameters were analyzed according to the BStandard methods of Soil and Agricultural Chemistry Analysis^(in Chinese, 3rd edition) with the following exceptions for phospholipid (lipid-P) analysis to characterize the microorganism community (Yu et al. 2002) , and sediment texture was determined by the hydrometer method according to the USDA soil texture classification system (http://www.nrcs. usda.gov/wps/portal/nrcs/detail/soils/). Heavy metals (As, Cd, Cr, Pb, Cu, Zn) in soil/sediment samples were quantified following acid digestion in concentrated nitric acid+hydrofluoric acid+perchloric acid using atomic absorption spectrometry (AAS) (ditto).
Measurements of gas fluxes
The closed chamber technique was used to determine CH 4 and N 2 O emission fluxes (Griffith et al. 2002) . One static closed chamber was placed at each of the three riparian zone locations (0, 5, and 10 m from river water boundary). The closed chambers were made of PVC pipe (inner diameter 20 cm; outer diameter 20.5 cm; height 30 cm) and covered with aluminum foil to prevent excessive warming; a sealed vent tube at the top of the chamber was used for gas collection. The chambers were inserted 5 cm deep into the soil, and gas samples were collected after 1, 2, and 3 h (Chen et al. 2012 ). Before taking a gas sample, gas in the chamber was mixed using a 30-ml syringe; then, a 1-ml gas-tight syringe was used to take a gas sample that was transferred and stored in a gas-tight vial with ambient air (Labco Limited, High Wycombe UK, 5.9 ml) (Laughlin and Stevens 2003) . Four replicate gas samples were taken at each collection time: two for CH 4 and two for N 2 O analysis. Samples were stored at .h) were calculated according to the following equation: 
Statistical analysis
Statistical analyses were performed using SPSS 18.0. Statistically significant differences between seasons were calculated by Dunnett's T3 ANOVA using a p≤0.05 confidence level.
Results
Methane and nitrous oxide emissions CH 4 /N 2 O emissions among sites and locations ANOVA results indicated significant differences (p<0.05) in CH 4 emissions among sites, locations, and seasons (Table 2) . CH 4 emissions were consistently the highest at CR (the most polluted site) location ① ranging from 9.9 to 32.3 mg m
compared to values of 0.4 to 3.5 mg m −2 h −1 at TR and 0. (Table 3 ). Compared to CH 4 emissions, N 2 O emissions were more similar in magnitude among the three sites (CR = −3.97 ∼ 37.3; TR = 3.53 ∼ 30.0; PRM=−5.49∼24.9 μg m −2 h −1 ; Fig. 2d∼f ). Among riparian zone locations, N 2 O emissions from location ① at the edge of the river water were higher (p<0.05) than higher elevation locations ② and ③. Some negative fluxes were observed at locations ② and ③ indicating that these sites occasionally acted as a sink for N 2 O.
Seasonal CH 4 and N 2 O emissions
Across seasons, spring CH 4 emissions were generally higher, except for location ① of TR and PRM where CH 4 emissions were the highest in winter (Fig. 2a∼c) . A small CH 4 sink was occasionally found in summer and winter at location ③ but not in spring. N 2 O emissions tended to have more variable seasonable patterns than observed for CH 4 (Fig. 2d∼f) . The bars showing different letters (a, b, c, d) indicated significant differences (p<0.05). Site CR showed a N 2 O emission trend of spring> summer>winter, while PRM showed the lowest N 2 O emission fluxes in the summer with higher fluxes in spring and winter. In contrast, site TR showed no consistent seasonal pattern across locations, although the highest flux was observed in spring at location ①.
CH 4 and N 2 O emissions response to rainfall CH 4 and N 2 O emissions from all riparian zone locations of TR were generally significantly higher on rainy days (Fig. 3a∼b) . The bars showing different letters (a, b, c, d) indicated significant differences (p<0.05). Emissions decreased from location ① to ③ during both rainy and nonrainy days. CH 4 emissions were 6.5 to 21.3 times greater on the rainy day, while N 2 O emission were 2.2 to 5.7 times greater on the rainy day.
Sediment/soil properties and relationships with gas emissions
Soil characterization data for the sediment/soil samples at each site/location are listed in Table 4 . Particle-size analysis showed a wide range of textural classes ranging from silt loams to sands (Table 5 ). All sites had elevated heavy metal concentrations with Cr, Cu, Pb, and Zn concentration lower than level III standard values of the Chinese National Environmental Quality Standard for Soils (GB15618-1995). Concentrations of arsenic and cadmium were 7∼8 and 1.5∼4 times higher than the level III standard values, respectively (Table 6 ). All data are average of 3 seasons.
All the measured soil/sediment parameters were used in a stepwise multiple regression analysis to explore for independent parameters that might significantly account for variations in CH 4 and N 2 O emissions (Table 7) . This regression analysis indicated that NH 4 -N was significantly (p<0.05) related to increased emissions of both CH 4 and N 2 O emissions. The water ratio was also significantly (p<0.05) related to CH 4 emissions.
Discussion
Effect of sediment/soil properties on CH 4 and N 2 O emission Sediment/soil texture and water content are two variables that often have a strong effect on CH 4 and N 2 O production. Texture exerts an indirect effect through its influence on other parameters such as water ratio, Eh, and soil/sediment fertility. In this study, sites with higher sand contents had lower N 2 O emission compared with those sites having higher silt and clay contents. Finer texture sediments maintain higher water and organic matter contents that lead to a better environment for anaerobic and facultative microorganisms that are responsible for denitrification. In contrast, CH 4 emissions were higher for those sites having higher sand contents. Research results from Cai Zu-cong (Cai et al. 1998) found similar results and attributed the effect to high silt and clay contents maintaining a higher Eh (more strongly poised with Mn, Fe, and S compounds) and occluding more CH 4 due to slower diffusion through micropore-dominated soils. Among the various heavy metals, arsenic and cadmium had the highest concentrations and posed the greatest toxicity threat in the experimental riparian zones in the PRD urban area. In addition to microbial toxicity effects, lower concentrations of heavy metals (e.g., Cu, Pb, As, Cd) have been shown to increase the activity of denitrifying enzymes while high heavy metal concentrations inhibited denitrifying enzyme activities so that the concentration of ammonium in the sediment-water environment may increase and the removal of nitrate may be reduced or even enhance the release of N 2 O (Magalhaes et al. 2007; Sakadevan et al. 1999) . Based on the regression results shown in Table 7 , most heavy metals (except for As) were inversely related with CH 4 emission, suggesting a potential inhibition of methane producing pathways. In contrast, all heavy metals displayed a positive relationship with N 2 O emissions suggesting a promotion of the denitrification process, which may be a kind of stress reaction to denitrification. These results suggest that further studies of heavy metal pollution on CH 4 and N 2 O production rates are warranted. In situ incubations of cores injected with various levels and ratios of heavy metals may provide important mechanistic information relevant to methanogenesis and denitrification dynamics in soils and sediment contaminated with heavy metals in rapidly developing urban areas. Previous studies have confirmed a strong relationship between CH 4 emission and water ratio and organic matter (Christiansen et al. 2012) . The decreasing trend of CH 4 fluxes from location ①→②→③ was consistent with the sedimentwater ratio and TOC. For N 2 O production, increased NO 3 -N can enhance denitrification levels (Esteves et al. 2001; Tortosa et al. 2011) ; however, N 2 O emissions did not correspond to sediment NO 3 -N concentrations in our study, possible due to the consumption (depletion) of NO 3 − by denitrification.
Bradley (Bradley et al. 1992) found that NO 3 -N concentration only accounted for 34 % of the variation in denitrification with organic carbon content being the more important factor. Similarly, Desimone (Desimone and Howes 1996) demonstrated that organic carbon was the major limitation in regulating denitrification versus NO 3 − transport processes in a coastal aquifer. In our study, those sites with higher organic carbon content tended to have higher N 2 O emissions. The (a) (b) river boundary location (①) demonstrated the highest N 2 O emissions that may reflect daily tidal cycles that enhance alternating conditions of aerobic and anaerobic conditions, as well as inputs of NO 3 from river water to the anaerobic hyporheic zone. These conditions may contribute to greater NO 3 − availability at the river boundary zone where the availability of NO 3 − appears to be the rate-limiting step in the denitrification process. In contrast, the transitional zone provides a better environment for nitrification given that it experiences less saturation and potentially better aeration (i.e., higher O 2 content) that would subsequently inhibit the denitrification process. As a result, location (②) tended to have higher NO 3 -N concentrations; however, the more oxygenated sediments possibly inhibit the production of N 2 O by denitrification. Compared to locations ① and ②, the upland position (③) had the lowest water and organic matter concentrations which may limit anaerobic respiration rates and N 2 O production.
Spatial variation of CH 4 and N 2 O emissions
Most of the tributaries of the Pearl River flowing through urban areas of the PRD are seriously polluted with several different contaminants (e.g., heavy metals, polycyclic aromatic hydrocarbons, nitrogen). As the most seriously polluted stream in this study, CR had the highest CH 4 emissions compared to the other two streams, especially at the water boundary location (①). High NH 4 -N concentrations were observed in the experimental river with concentrations >20 mg L −1 at CR.
Ammonium oxidation requires oxygen, which contributes to low dissolved oxygen levels in water and sediments (Tanner et al. 2002) . The depletion of oxygen by NH 4 oxidation in sediments at the river boundary provides a favorable anoxic environment conducive to methanogenic Archaea activity (Chen et al. 2010a, b) . In addition, the CR site had sandier sediment textures (sand and loamy sand) suggesting a poorly poised (Eh buffered) system due to low concentrations of iron and manganese oxides/hydroxides. As such, the high NH 4 -N concentrations and sandy sediment textures at CR were associated with the highest levels of CH 4 emission. Both TR and PRM had lower NH 4 -N concentrations in the stream water (<5 mg L −1
) and less sandy sediment textures that may contribute to the lower CH 4 emission rates from these sites. N 2 O emissions from the river boundary locations (①) were the highest among the three locations along the riparian CR Chebei River, TR Tai River, PRM Pearl River main stem CR Chebei River, TR Tai River, PRM Pearl River main stem a 《National soil quality standard》 (China, GB 15618-1995) *p<0.05 level of significance transect. N 2 O emissions at the river boundary generally followed CR>TR>PRM, which was similar to the trend in river water NH 4 -N concentration, but in contrast with NO 3 -N concentrations (Table 1) . The lack of a correlation between N 2 O fluxes and NO 3 -N in water and sediments in this study is in contrast to several other studies. However, the high N 2 O production and low NO 3 -N concentrations at the river boundary location possibly reflect depletion of NO 3 -N by the denitrification process. N 2 O production can result from both nitrification and denitrification reactions under aerobic and anoxic conditions, respectively. The very high NH 4 -N in the sediments can inhibit both ammonia oxidation and NO 2 − oxidation limiting N 2 O fluxes from nitrification reactions (Kim et al. 2006; Yun and Kim 2003) . The high river water and sediment NH 4 -N concentrations and low NO 3 -N concentrations in the three experimental rivers indicate that nitrification was the rate-limiting step in N 2 O production (Chen et al. 2006) . Since anoxic conditions limit nitrification in the sediments, a more likely source of NO 3 -N for nitrification is NO 3 -N diffusion from the water column. This is consistent with the higher N 2 O emissions at the CR site (especially at the river boundary location) where very sandy sediment textures allow for rapid diffusion of NO 3 -N into the sediments and diffusion of N 2 O from the sediments. In our study, the river boundary area accounted for the largest portion of CH 4 and N 2 O emissions among the three riparian zone locations. CR and TR were smaller tributaries compared to the main stem of the Pearl River (PRM). Both of the smaller tributaries emitted higher levels of CH 4 and N 2 O than the main river site, in part due to the higher levels of nitrogen pollution. Guangzhou is a typical Chinese city experiencing rapid urban development that has resulted in high levels of water pollution. This study demonstrates that these polluted urban waterways can be a large source of the greenhouse gases N 2 O and CH 4 . Compared to other studies reported in the literature, riparian zones associated with waterways in the urban area of Guangzhou displayed generally higher CH 4 emissions and similar to lower N 2 O emissions (Table 8) .
Seasonal variation of CH 4 and N 2 O emissions
Several aspects of the seasonal variations of gas emissions found in this study are similar to the findings of other studies. Allen (Allen et al. 2007) found that CH 4 emissions dominated in summer and autumn seasons, whereas N 2 O emissions dominated in winter. In contrast, there were no marked seasonal patterns or differences between urban grasslands and forests for N 2 O emissions in Baltimore, Maryland (Groffman et al. 2009 ). Our study showed that even though several sediment parameters in summer were similar to or more appropriate for GHG production than in spring, including TN, NO 3 -N, and TOC, the CH 4 and N 2 O fluxes in the spring season were much higher than in summer. Since different places have different seasonal temperature and sediment characteristics, it is not surprising that maximum CH 4 and N 2 O fluxes are found during different seasons in other studies. Guangzhou has a hot, wet summer and the temperature in summer is often above 30°C. Most studies have determined higher rates of greenhouse gas production at higher temperatures; however, our study suggests that higher temperature might limit greenhouse gas emissions or other factors, such as TN, NO 3 -N, and TOC, are more important in regulating greenhouse gas emissions than temperature. Further study is needed to monitor the greenhouse gas emissions in the area in all spring and summer seasons. During the rain event at TR, sediment/soil NO 3 -N and water ratio increased in locations ② and ③, and CH 4 and N 2 O fluxes were significantly higher than fluxes measured on a recent non-rainy day. Though the sediment NO 3 -N concentration decreased, there was also a significant increase of CH 4 and N 2 O emissions at location ① during the rainy day. Tortosa (Tortosa et al. 2011 ) also found that rainfall could increase greenhouse gas emissions (CO 2 , CH 4 and especially N 2 O) on rainy days, but they did not determine a mechanism. One important factor may be that gas exchange by mass flow was initiated by rainfall. As rainfall enters the soil/sediment, the water replaces the gas in the pore space which increases in the gas pressure resulting in the purging of the gases from the soil/sediment pores. Furthermore, rainfall can create anaerobic environment and contains higher OM to enhance methanogenesis and denitrifying activities, which may contribute to increasing greenhouse gas emissions from soil/sediment. Thus, to determine an accurate record of greenhouse gas emissions for an annual budget, it is critical to determine gas emission rates across a wide range of riparian zone locations, seasonal conditions, tidal cycle characteristics, across diel time scales, and during contrasting weather conditions.
Conclusion
There is a critical need to quantify greenhouse gas emissions from rapidly urbanizing areas, such as the Pearl River Delta. Our study showed higher rates of CH 4 emission and similar to lower rates of N 2 O emissions from the polluted river networks in the PRD compared to other published studies. This work demonstrates that rapidly developing urban areas are an important source of greenhouse gas emissions and must be taken into account in global inventories of greenhouse gases.
Riparian zones were shown to be net source of methane and nitrous oxide from polluted urban rivers and emissions varied by location (distance from river), seasons, and during rainfall events. The river boundary area (interface between river and land) emitted the highest levels of CH 4 and N 2 O compared to transitional riparian and upland areas at increasing distances from the river water edge. When comparing CH 4 and N 2 O gas fluxes with site properties, differential flux rates appear to be associated primarily with differences in river water quality (especially NH 4 and NO 3 ), sediment textures (controlling dissolved oxygen and diffusion rates), and heavy metal concentrations. The hypoxic/anoxic waterways inhibit NH 4 -N oxidation and formation of NO 3 -N which limit N 2 O emissions. In contrast, hypoxic/anoxic waterways and sediments contribute to rapid depletion of terminal electron acceptors contributing to low E h conditions that favor methanogenesis.
Most of the streams flowing through the Guangzhou urban area are seriously polluted. The Chebei and Tai Rivers, which are two tributaries of the Pearl River, were more seriously polluted resulting in higher level of CH 4 and N 2 O emissions than the main stem of the Pearl River. Emission fluxes varied significantly during different seasons with the spring season having the highest CH 4 and N 2 O fluxes. Rain events also contributed to a spike in CH 4 and N 2 O emissions, possibly due to mass flow induced release of gases from soil/sediment pores by the infiltrating rainfall. The lower concentrations of heavy metals have shown to increase the activity of denitrifying enzymes while inhibited the methane producing pathways. Given the heavy metal contamination prevalent in the PRD, understanding the impact of heavy metals on greenhouse gas emissions from riparian zones remains a critical research need.
